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Pedepart: B paboTe Gbin npoBeAeH CpaBHUTENbHbIV aHanM3 AWHAMUKU OXMaxAeHus, YHKLMOHMPOBaHNS U 3 PEKTUBHOC-
TV paboTbl pa3Hbix Hacagok annaparta «Cooltech®». YcTaHoBNeHa TeHAEHUMS K CHUKEHUO paboyeil TemnepaTypbl Hacagok B 3a-
BUCUMOCTM OT MPOAOIIKMTENBHOCTU UX paboTbl. AHanornyHas 3aBUCMMOCTb MOKas3aHa ANs LEeHTpanbHOW 30HbI BCEX Hacafok,
3a UCKIIOYEHMEM Hacafku, npefHas3HavyeHHoOW AnA MeHblero obbema xmpoBow TkaHu. [Npu Gonbluem obbeme noaBep)KeHHOMN
BO3[EVCTBUIO XXMPOBOW TKaHW MeHee OAHOPOAHO pacnpefensercd Temnepartypa u Tpebyerca Gonblue BpemMeHW ANS [OCTU-
XEHUST KOHeYHoW Temnepatypbl. [1py MCNONb30BaHMM CaMOW LUMPOKON HacafKky MeHbluas [Oons XUpoBOW TkaHu (69,06%) poc-
TUraeT oxnaxaeHus Hxe Temnepartypbl Kpuctannusauuun. B Hacagke «Double HP», koTopas BmelaeT 6onblumii o6bem TkaHu 3a
CYeT ANVHHOM y3kon opMbl nonoctun, 81,93% XMpoBOW TKaHW JOCTUraeT 3TOW TemnepaTtypbl B KOHLUE npoueaypbl. YucneHHoe
MoJenupoBaHMWe U, B YacTHOCTU, NMPVMMeHeHHas Moaenb 3dEeKTUBHbI ANS ONTUMU3ALUMN BPEMEHU (YHKUMOHWPOBaHUS, Yynyud-
LIEeHNSa Au3alriHa 1 NOBbIEHUS TepaneBTU4eckon apdeKTUBHOCTH Hacadok.

KnioueBble cnoBa: Kpnoaavnonvs, HEMHBa3MBHOE yAaneHne XWpPOBOW TKaHW, anonTo3, aaunouuT, HEMHBA3MBHAasA KOHTypHas
nnacTvuka Tena, nporpaMMHoe obecneveHne Ans MynbTUAU3INYECKOTO MOAENVPOBAHNS, OXNaXaeHne, KOMMNbITEPHOEe MOAENUpo-
BaHuWe, KOXHbI Bapbep.

Pedbepar: Y po6oTi 6yno npoBeAeHO MOPIBHAMNBbHUIA aHani3 AUMHaMIKM OXOMOAXEHHS, MYHKLIOHYBaHHSA Ta edeKTUBHOCTI
poboTu pi3HMx Hacagok anaparta «Cooltech®». BcTaHoBRNeHO TeHAEHLUi0 A0 3HWXKEHHS poboyoi TemnepaTypu Hacafok 3anex-
HO Big TpuBanocTi ix po6oTu. AHanoriyHy 3anexHiCTb NoKa3aHo ANSA LeHTpanbHOi 30HU BCiX HacagokK, 3a BUHATKOM Hacajkw,
NpuU3HaYeHol AN BTAryBaHHA MeHLWOoro o6’emy xxmpoBoi TKaHUHWU. Mpn Ginbwomy o6ca3i niggaHoT BNNMBY XUPOBOT TKAHUHM
MEHLU OAHOPIAHO PO3MOAINAETLCSA TemnepaTypa Ta NoTpibHO Binblie Yyacy Ans AOCATHEHHS KiHUueBoi TemnepaTypu. [lig vac
BUKOPWCTaAHHA HaWWMPLUOi HAacagku MeHLWa 4YacTka >XMpOBOI TKaHWHKM (69,06%) pocsarae OXOMNMOAXKEHHA Hux4Ye Temnepa-
Typu kpucTtanisadii. ¥ Hacagui «Double HP», ska Bmiwye 6inbwmnit 06’eM TKaHMHM 3a paxyHOK AOBroi By3bkoi hopmu no-
pOXXHUHK, 81,93% >XMPOBOI TKAHWHM JOCArae uiei Temnepatypu Mo 3aBepLlUeHHI0 npoueaypu. YncenbHe MOAENOBAHHS i, 30K-
pema, 3actocoBaHa mMoAenb eeKTUBHI ANs onTUMi3alii Yacy PYHKLIOHYBaHHS, NONIMWEHHS AM3aNHy i NiABULLEHHSA Tepanes-
TUYHOT ePEeKTUBHOCTI HacagoK.

KntouoBi cnoBa: kpioaginonia, HeiHBa3nBHE BUOANEHHS XUPY, anonTo3, aaunouunT, HeiHBa3uBHa KOHTYpHa nnacTuka Tina, npo-
rpamMHe 3abesnevyeHHs Ans MynbTii3UYHOro MoAENOBaHHS, OXONOMAXKEHHS, KOMN'IOTEPHE MOAENOBAHHS, LWKipHUIA Bap’ep.

Abstract: Cryoadipolysis is a non-invasive procedure that results in a significant reduction of localized subcutaneous
fat. The purpose of the study was to compare the cooling dynamics of Cooltech® handpieces analysing simulations of their
performance and operational efficiency with Comsol Multiphysics®. All handpieces showed a time-based decreasing ten-
dency in temperature. The central zone of all showed a similar response, except the handpiece that can lodge smaller vo-
lume of fat. The greater the volumetric capacity of fat, the less homogeneous was the temperature distribution, and the
handpieces needed more time to reach the target temperatures. The widest handpiece reached a lower percentage of fat
(69.06%) below the crystallization temperatures, and the handpiece that can lodge the larger volume of all tested, reached
81.93%. Numerical simulations, and particularly the model applied, are a very useful tool to optimize treatment time and
improve the designs and therapeutic efficacy of handpieces.

Key words: cryoadipolysis, non-invasive fat removal, apoptosis, adipocyte, non-invasive body contouring, multiphysics
simulation software, cooling, computer modelling, skin barrier.

N36BITOK KUPOBOM TKAHU B OPraHU3ME SIBIISICTCS
HE TOJBHKO MEIUIIMHCKON (PUCK pa3BUTHS Cepiaed-
HO-COCY/IUCTBIX, OHKOJIOTHUECKUX 3a00JICBAHUH, T1a-
Oera), HO W 3cTeTHYECKOW TpobieMoit. B mocnen-
HUE JICCATHICTHS Pa3pabdOTaHO MHOXECTBO METO-
JIOB, TIO3BOJISIIONIMX YMEHBIITUTH O00BEM MMOJKOKHON
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Aside from being a health issue that can increase
the risk of cardiovascular disease, diabetes or cancer,
excess body fat is also one of the major aesthetic
concerns in modern society. In the last decades,
several methods have been developed to reduce
the accumulation of subcutaneous adipose tissue.
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Ta6bnuua 1. Tunbl HakoHevyHMKoB «Cooltech®»
Table 1. Types of Cooltech® handpieces

[MpumeHeHne Hacafok Ha obnacTAx Tena
Treatment areas for which
it has been designed

Hacapka
Handpiece

O6bem nonoctu, cm®
Volume of the cavity, cm?®

[ny6uHa nonoctu, cm
Cavity Depth, cm

MoBEPXHOCTb OXMaXAeHNA, cMm?
Cooling Surface, cm?

Moanoa6oponoyHaa obnacTtb, nepenHas
noambilieyHaA obnacTb, NoOAKONEHHanA
06nacTb, HWKHAA 06NacTb rPyAHON KNeTKu
Submental area, preaxillary area, inner
knee, infrapectoral area

Tiny HP

47 3

MopnynoyHaa obnacTb, HaanynoyHan
obnacTtb, hnaHKkmK, pyKku, noanonartoyHan
obnacTb
Infraumbilical area, supraumbilical area,
flanks, arms, infrascapular area

Tight HP

109 8

MoanynoyHana obnacTb, natepanbHan
obnacTb GpIOLLHON NOMOCTH, XUPOBbIE OT-
NOXEHWUA Ha TanMu y MYXK4MH, OTBOAALLAA

MblILLLA, NOAAroanyHaA obnactb
Infraumbilical area, lateral abdominal area,
love handles, abductor, infragluteal area

Straight HP

106 7

LleHTpanbHaa obnacTtb 6ptoLIHOl nonocTu,
noanynoyHaa o6nactb
Central abdominal, infraumbilical area

Double HP

255 7

JKUPOBOW TKAHHU, OJHAKO TOUCK HOBBIX HEUHBA3UB-
HBIX M BBICOKOA(D(EKTHBHBIX IMOAXONOB K PEIICHHUIO
JaHHOW TPOOJEeMBbI OCTaeTCsl akTyaldbHbIM [4, 14].
OgHuM H3 TaKUX METOIOB SIBISIETCS KPUOAIUIIO-
mu3 [4] (CeNeKTMBHBIN KpUONM3 [5], KPHOIMIIONW3
[14]) — mpouierypa, IPOBOAMMAS C IIEIBI0 3HAYUTEIh-
HOTO YMEHbBINIEHUsT O00beMa JIOKAJIM30BAHHBIX KH-
POBBIX OTJIOKEHHI B OpraHU3Me, OCHOBaHHAsI Ha DITH-
MUHAIMA aIUTIOIATOB MHIYKIIUEH armonTo3a W BO3-
JgedctBueM xonopa [5]. Pe3ynbrarel  pa3inyHBIX
HcCaenoBaHni Toka3amu 3(pQeKkTuBHOCTE U 0e30-
MMacHOCTH JAaHHOU TIponexypsl [7, 8].

Onna u3 Beaymux B Mupe Kommanwuii «Cooltech®
paspaboTana HacaiaKu AJsl KPUOATUIIONU3a, MMEIO-
IIUE OJMHAKOBBIA MPHUHIUI PabOTHI, HO OTJINYAFO-
IIMecs KOHCTPYKIMEH U 00beMOM MOJIOCTH (TIPUEM-
HOTO OTCEKa) JIISl aCIUpaIlud KUPOBOH TKaHU. ITO
MO3BOJISIET MPOBOJUTH MPOLEAYPY Ha OINpeAesiCH-
HBIX y4acTKax Tejla YeJIOBeKa ¢ y4eTOM 0COOEHHOC-
Tel KOXKU M KOXKHBIX CKIanok (Tadm. 1). Baxkao otme-
TUTh, YTO pa3padOTKa BCeX NeTayiell 000pyIOBaHUS
OCHOBBIBAJIACh Ha COOIIIOJICHWH TJIIaBHOTO TpeboBa-
HUS — o0ecIedeHue MOTHON 0e301MacHOCTH TMaIlieH-
Ta BO BpeMs MPOBEASHHs Kpuoaaumonusa. [ BeI-
TIOJTHEHUS TIPOIIEAYPhl HACAIKy pacIojiararoT HaT
BBIOPAHHBIM YYacCTKOM TeJla W aKTUBHUPYIOT BCa-
CbIBAHUE IIOJIKO)KHOM JKMPOBOM TKAaHM B IPUEM-
HbII oTcek. [Ipu 3TOM antoMUHUEBbIE MIIACTUHBI, pac-
MOJOKCHHBIE BHYTPU TOJIOCTH, OXJAXKIAIOTCS IO
temnepatypsl —8°C. I'paaneHT Temneparypsl, co3za-
BaeMbIil MEXIY TUIACTUHAMU H TITYOOKOJICKAITUMHU
TKAHSIMH, JOCTATOYEH IS OXJIAXKICHUS TKAaHU 10
TEMIIEPaTypbl, KOTOpas oOecreyuBaceT (GU3UOIOTH-
YeCcKUe W3MEHEHUs, MPUBOIALIUE K aroITo3y aju-
MmouuToB [16].
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However, the need to find new techniques that are
non-invasive, highly effective and capable to address
this issue is still in full force [4, 14].

Selective cryolysis [5] also known as cryoadipo-
lysis [4], or cryolipolysis [14], is a procedure that
results in a significant reduction of localized body
fat, which acts through the elimination of adipo-
cytes by apoptosis induction and cold applica-
tion [5]. Different studies have proven the efficacy
and safety of this non-invasive technique [7, §].

Cooltech® is one of the world’s leading cryoadipo-
lysis platforms. Its handpieces work through suction
and have a receiving cavity where the patient’s tis-
sue is lodged during the session. Each part of the
handpieces is designed to be totally safe to handle.
After placing the handpiece over the area of the
body to be treated, suction is activated, and skin
and subcutaneous fat are pulled into the cavity. The
aluminium plates set inside get cold until reaching
a temperature of —8°C. The temperature gradient
generated between the plates and the deep tissues
is enough to cool the fat to a temperature enabling
physiological changes that will trigger adipocyte
apoptosis [16].

There are different types of Cooltech® handpie-
ces with several shapes and cavities designed to
fit specific areas of the human body (Table 1) and
lodge different volumes of fat tissue.

Recently, the experimental validation of nume-
rical simulations performed for one of the Cool-
tech® handpieces (Straight HP) has been reported
[6]. In this paper, the same mathematical model has
been applied to different handpieces, allowing to
carry out a comparative analysis. Numerical simu-
lations are a very useful way to generate models,
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[lone3HbIM HMHCTPYMEHTOM Uil TpPEABaAPUTEIIb-
HOW TIPOBEPKM METOAOB, NMPHUMEHSIEMBIX Ha JKUBBIX
OpraHu3Max, SIBISETCS YHCICHHOE MOJICIMPOBAHUE.
Kpome Toro, ero MO>XHO MCIOJIB30BaTh Ul CPaBHH-
TENBHOTO aHajdu3a (DYyHKIMOHAJIBHBIX XapaKTepHuc-
THK W TeparneBTUYECKOH >()(HEKTUBHOCTH Kax1ou
U3 HCCIIeTyeMbIX HaCcaOK.

bei ormyOnMKOBaHEI PE3yNIbTaThl SKCIIEPUMEH-
TAJIFHOTO YHCIICHHOTO MOJEIMPOBAHUS Ul Hacai-
ku «Straight HP» ¢upmer «Cooltech® [6]. B Ha-
el paboTe aHaJOTHYHAs MOJeNb ObUIa IpUMCEHE-
Ha W K JIPYTMM HacaJlkaM 3Toi ke pupMsl: «Straight
HP», «Tight HP», «Double HP» u «Tiny HP». DOto
MO3BOJIJIO TIPOBECTH CPABHUTENBHBIN aHANIW3 HX
(YHKLMOHAIIBHBIX XapaKTEPUCTUK (IMHAMHKA OX-
naxzaeHus, (GpyHKunoHupoBaHue U 3()(HEKTUBHOCTD
paboTh).

Llens mccnenoBaHUS — CPaBHUTH JAWHAMHUKY OX-
JaXJICHHs Pa3HbIX Hacaaok Kk ammapary «Cooltech®»
Ha OCHOBE MOJEIMPOBAHMS MX TEPMUYECKUX XapaK-
TEPUCTUK.

MarepuaJbl 1 METObI

IlepBblil 3Tan MpoOBEACHUST KPUOAJUIIONN3A B IIPO-
tokosie kommanuu «CoolTech® mnpemxycmarpuaer
HAaHECEHUE KPUO3ALIMTHOIO Trelisi Ha KoKy oOpaba-
TBIBAEMOM 00JNacTH Tena AJisi MPeJOTBpaIleHust 00-
pa3oBaHUs JibJlJa U TMOBPEXKICHUN, BBI3BAHHBIX 3a-
MOP&)KMBAHMEM. 3aT€M TKaHU IOJ BO3ACHCTBUEM
BaKyyMa BTSTMBAIOTCSI BHYTPb IIOJOCTH HAacaakKH,
B KOTOpOHl OHM OyIyT HaXOJUThCI B TEUCHHE
70 mua npum temmeparype —8°C. Ilpu sToM Hec-
KOJIBKO 3JIeMEHTOB llenbThe OXJIaKIaroT aHOAUPO-
BaHHYIO alllOMUHHUEBYIO IUIACTUHY TOJIIMHON 7 MM,
KOHTAaKTHPYIOUIYI0O C TKaHbIO BHYTPH TOJOCTH, U
MOJACPKUBAIOT Temreparypy mactuasl (—8°C) B
TEUEHHUE BCero BpeMEeH! ITPUMEHEHHs HaCaKu.

g XapakTepuCTUKU HCCIIEIYyEeMBIX THIIOB Ha-
CaJioK OBUIM TPOAHAIM3UPOBAHBI CIIEAYIOIIUE Tie-
pEMEHHBIE: paclpesielieHHe TEeMIepaTypsl BHYTPH
HacaJKu, CpeaHsAs TemIeparypa >KHPOBOM TKaHU
BHYTPH Hacajkd U J0jsl (B MPOLEHTaX) XHPOBOU
TKaHHW, B KOTOPOM AOCTHraeTcss HEOOXOOuMasi KOH-
TPOJIbHASL TEMIIEpATypa.

Mogens, omuceiBaromas (U3NKY TeII000MeHa
Mekay Tkansmu u anmaparom «Cooltech®™, Obuia
CO3J]aHa C TIOMOIIBI0 MPOTPAMMHOTO O0ecIeueHHS
«Comsol Multiphysics®», mnpuMeHseMoro s pe-
meHus (QU3MYECKUX YpaBHEHHH METOIOM KOHeu-
HBIX AJIeMeHTOB [16]. JlaHHBII MeToI MO3BOJISIET pe-
LIaTh YPAaBHEHMSI B YUCIIOBOM BHZAE, OCOOCHHO €CiH
OHM HE HMMEIOT aHAJIUTUYECKOrO PELICHUs, HAIpH-
Mep, UCIONb3YEMOE B 3TOM HCCIEIOBAHUU YpaBHE-
Hue temonepenauu. [IpunoxeHue co3maer CeTKy ¢
KOHEYHBIM YHCIIOM DJIEMEHTOB B OOJNACTSIX, B KOTO-
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especially when it is necessary to perform prelimi-
nary validations of techniques that might involve
some level of risk when applied on living orga-
nisms. On the other hand, the possibility to compa-
re the different results of the simulations of the
handpieces is a promising analytical tool that can
help to determine the therapeutic efficacy of each
one.

The purpose of this study was to compare the
cooling dynamics of different Cooltech® handpie-
ces, based on the simulation of their thermal cha-
racteristics.

Materials and Methods

There are several types of handpieces with dif-
ferent shapes and cavities, and, although the wor-
king principles are the same for all of them, each
one has been designed to treat specific areas of the
human body, where the skin and subcutaneous
folds have particular characteristics. The follo-
wing handpieces have been assessed: Straight HP,
Tight HP, Double HP and Tiny HP. The cooling
surface, cavity depth and cavity volume for each
handpiece is shown in Table 1.

The first step of CoolTech®s protocol in a
cryoadipolysis session is to place a cryoprotectant
gel on the skin of the area to treat to prevent ice
formation and inherent damage by freezing. Then,
the vacuum suctions the tissues and lodges them
inside the handpiece’s cavity, where they will be
subjected to —8°C for 70 minutes. The method of
cooling the tissue is as follows: some Peltier cells
cool an anodized aluminium plate of 7 mm thick-
ness), which is in contact with the tissue inside
the cavity. The Peltier cells keep the temperature
of the plate at —8°C for the entire duration of the
treatment.

To characterize the different types of handpie-
ces, three sets of variables have been analysed:
temperature distribution inside the applicator, ave-
rage fat temperature inside the handpiece, and fat
percentage below the reference temperatures.

The model, simulating the physics of the heat
exchange between the tissues and the Cooltech®
machine, was created with Comsol Multiphysics®,
software that solves physical equations using fi-
nite elements methods [16]. The finite elements
method allows to solve equations numerically and
is especially useful when equations do not have
an analytical solution, as in the case of the heat
transfer equation used in this study. The software
creates a mesh with a finite number of elements in
the domains where is wanted to solve the equation.
Then, the software solves the equation numerically
in each of these elements and gathers all the data
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PBIX HEOOXOAMMO PELINTh ypaBHEHHUE, 3aTeM pellia-
€T ypaBHCHHE B YHCJIOBOM BHJE B KOKIOM M3 3THUX
9NIEMEHTOB U cOOMpAET BCE AaHHbBIE IS TOIyYCHHS
OKOHYATENFHOTO pesynbrara (puc. 1). B Hamem ciy-
Yae T€OMETPUYECKH CBS3aHHBIE MEXIy COO00H 00-
JIACTH TIPEJICTABIISIOT COOOW OMONOTHYECKHE TKaHH
(koka M KUpOBas TKaHb) W OXJIAXKIAIOUIYI0 Hacaj-
Ky. KoHCTpyKITHMIO HacagoK MOIETHPOBAIHA C TIOMO-
B0 TIporpaMmmuoro obecrmeuenns «SolidWorks®»
(puc. 2, A) n numnoprtupoBanu B mozens «COMSOL
Multiphysics®». Bkirouenue anmimkaropa B MOJIEIb
JlaeT BO3MOJKHOCTh 0oJjiee MOJHOTO aHayn3a MOoJy-
YEHHBIX JAHHBIX 110 CPAaBHEHHUIO C TEMH HCCIIEe0Ba-
HUSIMH, B KOTOPBIX MOZICIMPOBAHHE IPOBOIMIIHN TOJIb-
KO Ha KO)KHO-)KUpOBOM oObeme [13].

VYpaBHeHHe TemsiooOMEHa Ha Halledl Momenu
MMEeT CIeYIOIINN BU/:

pCp xdT/ot+Vq=Q+Q,.;

q=-kVT;
Qbio IS Cpb X o, X (Tb -+ Qmet’

IJe p — IUIOTHOCTh TKaHWU; Cp — ynenbHas TeroeM-
KOCTh IPU MOCTOSIHHOM JiaBjieHuu; OT/0t — yacTHas
MIPOM3BO/IHASL TEMIIEPATYPhl OTHOCHUTEJIBHO BpeMe-
HU; T — Temneparypa; t — Bpems; V — oneparop Habna
(BexkTOpHBIN U PepeHINANBHBINA OepaTop; KOM-
[TOHEHTHI KOTOPOTO SIBJIIOTCS YaCTHBIMM IPOU3BOJ-
HBIMH I10 KOOpJIMHATaM); (| — KOHAYKTHBHBIH TeTIo-
BOM MOTOK B TKanW; Q — mcrounmku terma; Q.. —
OroormuecKoe Termio; K — KoaQPHIIHEHT TEIIonpo-
BOJIHOCTH; p, — IUIOTHOCTh KPOBH; Cpb — yaenbHas
TEIUIOEMKOCTh KPOBH TIPH TOCTOSHHOM JIaBJICHUU;
®,— CKOPOCTh Iepy3nn Kposu; T, — Temneparypa ap-
TEpUATLHOK KpoBH; Q — MCTOYHMK MeTabonInuyec-
KOTO Teria.

B nameii npensiaymieit padbote ObUTM MpeACTaB-
JIEHBI Pe3yJbTaTbl TECTUPOBAHUS HM3ydaeMoW MOAENN
Ha OJIMBKOBOM Maciie ¥ Bojie [16]. [l kaxknoro Ono-
JIOTHYECKOTO 00BEKTa, MCIOIB30BAaHHOTO ISl MOJIe-

Puc. 1. Cetka, ucnonssyemas Ans pelleHns ypaBHEHWS
TennoobMeHa METOAOM KOHEYHbIX JOMEHOB (ANs Hacaaku
«Straight HP»).

Fig. 1. Mesh used for the heat transfer equation resolution
by finite domains method (Straight HP case).

to give the final result. (Fig. 1) In our case the geo-
metrical domains meshed are composed by biolo-
gical tissues (skin and fat) and the handpiece. The
design of the handpieces was carried out with So-
lidWorks® software (Fig. 2A) and imported to the
Comsol Multiphysics® model. The consideration
of the applicator in the simulation represents an
analysis improvement with respect to other stu-
dies than only modelled the skin-fat volume [13].

The equation of heat transfer for our model is
presented:

pC, x OT/dt+Vq=Q+Q
q=-kVT;
Qbio =P Cpb X, x (Tb -+ Qmet’

bio”

where p — density of the tissue; Cp — specific heat
capacity at constant pressure of the tissue; JT/ot —
partial derivative of the temperature with respect
to the time; T — temperature; t — time; V — mathema-
tical operator nabla (operator that applies partial

Tabnuua 2. Pusmyeckne napameTpbl, HEOOXOAMMbIE ANA PELLEeHNs ypaBHEHUS TennoobmeHa
Table 2. Physical parameters that are necessary to solve the equation of heat transfer

Matepuan YnenbHana TennoemKkocTb, x/kr-K TennonposoaHocTb, BT/m-K MnoTtHocTb, Kr/m®

Material Specific heat, J/kg-K Thermal conductivity, W/m-K Density, kg/m?®

T o] 1985,2+1,4733T - 4,8008 x 10T 2 | 0,18071 — 2,7604T x 10-°T 2 925,59 - 0,41757T

Koxa [1]

Skin [1] 3391 0,37 1109
Monunponunex [10] 1800 0,16 1040
Polypropylene [10]

AHOOMPOBaHHbIN antomMmuHuii [15]
Anodized aluminum [15] 880 18 2700
Aniomnimi [1] 900 238 2700
Aluminum [1]
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JIMPOBAHUS, JOJDKHBI OBITH U3BECTHBI TPU OCHOBHBIX
napametpa (tabm. 2) [1, 6, 10, 15], a ans xupoBoi
TKAaHU — 3aBUCHUMOCTb YKa3aHHBIX MapaMeTpOB OT
temneparypsl [6]. [lpu momenmupoBanwm ¢ha3oBBIid
Iepexos B )KUPOBOW TKaHU HE YUMThIBajics. B rere-
POTEeHHBIX MaTepHanax (B YaCTHOCTH, )KHUPE), COCTO-
SIUX U3 HECKOJIbKUX TUIIOB XHUPHBIX KUCIIOT, HE CYy-
LIECTBYET BUAUMOTrO (ha30BOTO MEpexoia B OTIMUYHUE
OT BOAbl. B mpenpiaymieM ucciaeqoBaHUM Ha OJIMB-
KOBOM Macjie, COCTaB KOTOPOTO CXOX C COCTaBOM
JKHpa YeJIoBeKa, OBLTO0 0OHAPYKEHO, YTO MPU OXJIAXK-
JICHUU HE TPOUCXOAUT BHUIUMOTo (HazoBOro rmepe-
X0Jla, HO B 3aBHCHMOCTH OT TEMIIEPaTyphbl CyIIecT-
BEHHO M3MEHSETCSl ero Bsi3kocTh [16]. Kpome Toro,
ObUIa MIPOBEJCHA MpEIBAPUTEIbHAS OLIEHKA MOJACIH
Ha dTane ee ycoBepuleHCTBOBaHMA. [Ipu comocras-
JICHUW PEe3yJbTaToOB MOAEIHpOBaHUs (¢ yueToMm (a-
30BOr0 Mepexoja Wik ero NpeHeOpeKeHueM) cylie-
CTBEHHBIX PAa3IUYUil HE BBISIBICHO, MOITOMY JUIS
ynpouieHus: Mofenu (a3oBblii mepexo] HE paccMa-
TpUBAJICS.

[TapameTps! KOXU HpU pacyeTax ObLIM ITOCTOSH-
HbeIMU. CJIeyeT OTMETUTb, YTO HAHECCHHBIH Ha KOXKY
KPHUO3AIMUTHRIA Telb abcopOupyercs W H3MEHSET
TEeMIIEPaTypy KPUCTAJUIN3ALMM BOIAbl BHYTPHU KOXKH
JI0 3HAYCHWH, HWKE pabouyMx TeMIeparyp HacaJKu
«Cooltech®™, mosToMy Mpu MOICTHPOBAHUH MBI HE
paccMarpuBaiu (hazoBbIN Mepexos s BOIAbI B COC-
TaBE KOXKH.

buonornyeckas remnora (Q,; ) mpencrasuse co-
001f KOMOMHAITHIO ITApaMETPOB, CBIA3AHHBIX C KPOBO-
TOKOM U METa0OJMYeCKON TEIIOTOM Ka)I0ro TuIla
TKaHu (cM. ypaBHenwue) [2]. M3BectHO, uTO MeTabo-
JIMYECKasl TEIUIOTa MOXET CUUTATHCS TMPEHEeOpeKu-
MO MaJIOil B MEPBOM NPUONMKCHUM JUIS TaKUX 3a-
LIMTHBIX TKaHEH-M30JIATOPOB, KaK HOpMaibHas KoXKa
WM TOAKOKHBIM skup [13]. Pesynsrarsl mpensiny-
LIMX MCCIICAOBAHUHN C HCTIONB30BAHNEM MPHIOKECHUSI
«Comsol Multiphysics®» nokasanu, 4T0 U3MEHEHHUE
MeTa0OJIMYECKOM TEIIOTHl CYIIECTBEHHO HE BIIU-
sIeT Ha pe3yibrarel MoaenupoBaHus [11], mostomy
Ul pacyeTa OMOJOIMYECKOM TEIIOTHl MBI y4H-
TBIBAJIM TOJILKO KPOBOTOK.

buonoruueckyro TEmiIOTy pacCUMTHIBAIM IO 4e-
TeIpeM TapamerpaM [17]: Temmeparypa kposu (36°C);
yaenpHas TernoeMKocTs kpoBH (3220 JDx/(xr-K)
[2]); motHOCTB KpoBH (900 kr/m* [2]); yacToTa nep-
by3umn ans xxkupoBoit Tkanu (4,2-107* 1/c [10]) u
koxu (0,0018 1/c [10]).

[Iponenypa BTSIrMBaHUSI TKAHW HACAAKOW BBI3bI-
BaeT MIIEMHIO U TEM CaMbIM CHUXAET mnepdys3uro
KpoBHU B oOpabareiBaeMOi TkaHH. CTEreHb UIIEMHUH
3aBHCUT OT TeOMEeTpuH Hacaiaku. M3-3a orcyTcTBHA
TOYHBIX SKCIIEPUMEHTAIBHBIX JAHHBIX O CHUKCHUH
nepdy3un, BbI3BAHHON HILEMHEH, B HACTOSILIEM HC-
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derivatives in space to a magnitude); q — heat flux
by conduction in the tissue; Q — heat sources; Q,, —
biological heat; k — coefficient of heat conducti-
vity; p, — blood density; Cpb — blood specific heat
capacity at constant pressure; @, — blood perfusion
rate; T — arterial blood temperature; Q_  — meta-
bolic heat source.

A previous work showed the validation of the
model with experiments with olive oil and wa-
ter [16]. Three basic parameters for each mate-
rial included in the simulation must be known
(Table 2) [1, 2, 6, 15]. In fat tissue, these three
parameters have a dependence with temperature
[6]. No phase change for the fat has been intro-
duced into the simulation. In heterogeneous mate-
rials as fat, composed of several types of fatty acids,
there is no visible phase change, as for example
can be observed in water. In a previous study with
olive oil, which shows similar composition than
human fat, it was found that there is not a clear
phase change when cooling. However, there is a
visible change of viscosity with the temperature
[16]. Furthermore, previous simulations during the
refinement of the model were carried out. Results
with and without phase change consideration were
compared, and no significantly differences were
obtained. Therefore, for the simplicity of the model,
no phase change has been considered.

In skin, the parameters have been considered
constant. It is important to remark that a cryoprotec-
tant gel applied on the skin is absorbed and change
the freezing point of the water inside the skin.
Therefore, as the water did not freeze at the cooling
temperatures of the Cooltech® machine, no phase
change for skin has been introduced into the si-
mulation.

Biological heat (Q,, ) represents a combination
of blood perfusion (or blood flow) and of the
metabolic heat of each tissue (see equation) [10]. It
is known that the metabolic heat can be considered
negligible as a first approximation for protective
tissues as normal skin or subcutaneous fat [13].
Moreover, previous studies using also COMSOL
have demonstrated that changes in the metabolic
heat does not change substantially the results of
the simulation [11]. Therefore, only blood perfusion
has been considered for the Biological heat.

To calculate the biological heat, four parameters
must be known [17]: blood temperature (36°C);
blood specific heat (3220 J/kg K [2]), blood density
(900 kg/m® [2]) and frequency of perfusion for each
tissue (4,2-10* 1/s [10]) and skin (0,0018 1/s [10]).

The suction produced by the handpiece causes
an ischemia that reduces the blood perfusion in
the suctioned tissue. The degree of ischemia depends

347



Tiny HP Tight HP

Straight HP Double HP

CIIEZIOBAaHUU LUPKYISALUSA KPOBU MPUHUMAIACh PaB-
HOU Hymio. [s ee yuera nmpu MOJEIUMPOBAHUU HE-
o0xonuM ganbHen i ananu3. C 9TOM 1eTbIo MBI T11a-
HUpPYEM BO BpeMs MPOLEIYphl IPOBECTH H3MEPEHHE
TeMIeparypsl iN VIiVO ¢ MOMOIIBI0 TEMIIEPaTypHOTO
30HAa. Ha OCHOBaHUM 3THX JaHHBIX AJIS KaXxa10i Ha-
CaJKN MOXKHO OIPEAENUTh HUPKYISIIIUIO KPOBH.
['eomerpuyeckas Mozeslb OMOIOTHYECKUX TKaHEeH
COCTOMT M3 JIBYyX YacTel: TKaHb BHYTPH MOJIOCTH Ha-
CaJIKU W HapyXHble TKaHu (puc. 2, B). Jlns TkaHwu,
HaXOJSIIeNCs BHYTPH HACaJKH, [MUPKYISIIHAI KPOBU
HE YYHUTHIBAIACH U3-3a HIIEMHUH, BO BHEIITHIX TKAHIX
€€ OMPEeeIsIIN TS KAKIAOH TKaHH OTHEIBHO.
HcxogHpIiMu yCIOBUSAME MOJACIHPOBAHUS IS
OMoJOTHYECKOW TKaHW OblJa TeMmIeparypa Teja
(36°C), a s OCTAIBHBIX MaTEPHAIIOB — KOMHATHASI
temrieparypa (20°C). B kadecTBe mepBOTO TpaHUY-
HOTO YCJIOBUSI NMPUHUMAIH H30JUPOBAHHOCTH CHC-
TEMBbI, T. €. OTTOK Teljia 4epe3 €e KOHTYpPbhI OTCYTCT-
BoBaJl. B kauecTBe BTOPOro TI'pPaHUYHOTO YCJIOBHUS
JUIS  MOJIGIMPOBAHUS OXJIAXK/IEHUS aAITIOMUHUEBBIX
IUTACTHH OBLIM BBEJCHBI HECKOJIBKO MOBEPXHOCTEH
C MOCTOSIHHOH Temmeparypoit —8°C, koTopsle mpen-
CTaBJISAOT c000# siueliku [lenbThe, KOHTAKTHPYIO-
e ¢ aJllOMMHHMEBBIMU IUIacTHHAMHU. JlaHHOE rpa-
HUYHOE YCJIOBHE TIpEAroaraer, uro syeiiku [lenb-
Thb€ MTHOBEHHO OXJIAKIAIOTCS 10 TEeMIIEeparypsbl
—8°C. Ilpu 3TOM H3BECTHO, YTO B PEAIbHBIX YC-
JIOBHUSIX TpeOyeTcs HEeCKONbKO MHUHYT ISl JIOCTH-
keHusT TeMrrepatypsl —8°C, koTopas OyaeT moaaep-
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Puc. 2. TpexwmepHbii pusavH Hacagok «Cool-
tech®» c ucnonb3oBaHMem nporpammHoro obecre-
yeHus «SolidWorks®» ans mogenupoBaHus: A —
Hacagkm «Straight HP», «Tight HP», «Double HP»
n «Tiny HP». [Ins kaxgon Hacagkv crnesa noka-
3aHbl pearbHble n3obpaxeHus, cnpasa — 3D-n30-
OpaxeHus. B — TpexmepHasi guarpaMma KOHTaKT-
HbIX ObnacTen TKaHel U HacafokK: crieBa — LEHT-
panbHasi 30Ha Hacagku, KoTopasi BcackiBaeT TKaHb
(6riok KoXu u xmpa), U nepudepuyeckas obnactb
HacagkM C TKaHSAMW, MNOOBEPXKEHHbIMU BIIUSHUIO
TemnepaTypHoro rpagueHta 6e3 BcacbiBaHuS;
cnpaBa u3obpa)xkeHa Hacagka C LeHTparbHON
30HOW, HaXOAALEWNCs BHYTPU, a TakkKe OKpyxato-
Las nepudepmryeckas obnactb.

Fig. 2. 3D designs of Cooltech® handpieces with
SolidWorks® software used in the simulations: A —
Straight HP, Tight HP, Double HP and Tiny HP
handpieces. For each handpiece, real images are
shown on the left and 3D designs on the right. B —
3D diagram of contact areas between the tissues
and the handpiece: to the left, the central zone,
representing the tissues that are suctioned inside
the handpiece (brick of skin and fat) plus the pe-
ripheral zone with tissues also affected by the tem-
perature gradient but not suctioned inside the
handpiece; and to the right, the handpiece with the
central zone lodged inside plus the peripheral zone.

on the geometry of the handpiece. In absence of
accurate experimental data regarding the reduc-
tion of perfusion caused by ischemia, the blood
perfusion has been considered to be null in the
study. In order to introduce the blood perfusion
in the simulation, further analysis is required. For
that purpose, later studies based on the in vivo tem-
perature measurements during a treatment with a
temperature probe are planned to be developed. With
these data, the blood perfusion will be determined
for each handpiece.

The geometric model of the biological tissues
has been divided into two parts: the tissues inside
the handpiece cavity and the outer tissues (Fig. 2B).
For the body inside the handpiece, blood perfusion
has not been considered due to the ischemia. In the
outer tissues, the blood perfusion of each tissue has
been considered.

The initial conditions of the simulation were
36°C (body temperature) for the biological tissue
and 20°C (room temperature) for the rest of the
materials. As a first boundary condition, an isolated
system was considered, which means that heat flow
0 in its contours. As a second boundary condition
to simulate the cooling of the aluminium plates, se-
veral surfaces have been added at a constant tem-
perature of —8°C which represent the Peltier cells
in contact with the aluminium plates. This boun-
dary condition assumes that Peltier cells reach —8°C
instantaneously.
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T=-8°C
Flux =0

Flux =0

Flux =0

B

AHOAMPOBaHHbIE antoMUHNEBbIE

nnactuHel (T, = 20°C)
Anodized aluminum
plates (T, = 20°C)

Monunponunex (T, = 20°C)
Polypropylene (T, = 20°C)

Kosxa (T, = 36°C)
Skin (T, = 36°C)

XKuposas TkaHb (T, = 36°C)
Adipose tissue (T, = 36°C)

Puc. 3. Vicnonbayemble rpaHuyHble (A) n HavanbHble (B) ycnosust mogenupoBaHus.

Fig. 3. Boundary conditions (A) and initial conditions (B) used.

JKUBaTbCSl BO BpeMs Bcell mpouenypbl. Bpems ox-
JXACHUS PACCUUTHIBATIOCH B TPEABIAYIIEM HC-
CJICIOBAaHUH, TIPOBEACHHOM Ha BOIE W OJIMBKOBOM
macye. [lokazano, 4To MOIENb aaeKBaTHO CKOPPEK-
TUPOBaHA OTHOCHUTEIBHO 3KCIEPHUMEHTAIBHBIX pe-
3ya6TaToB [16].

HauasbHple W TrpaHUYHBIE YCIIOBUS MOJEIHUPO-
BaHus JIsl Hacangku «Straight HP» mpencraBieHs
Ha puc. 3.

PesyabTathl u 00cyKaeHHE

TenneHIMA K CHU)KEHHMIO TEMIIEPaTyphl B 3aBH-
CUMOCTH OT BPEMEHHU OblIa YCTaHOBJIEHA AJISI BCEX
Hacanok. Ha puc. 4 mokazaHo M3MEHEHHE AaHHOTO
nokasaresnsi nocie 70-MMHYTHOIO NPUMEHEHHs Ha-
cagkd. B meHTpanpHONW 007acTH BCEX HAcaaoK Ha-
Omrofanach aHaJOrMYHAsK TEHACHLMSL, 38 UCKIIIOUEHH-
eM Hacanku «Tiny HP». D10 oOBsICHSIETCS TeM, 9TO
o0bem mostoctr «Tiny HP» coctaBnser Bcero 7% ot
cpenHero o0bema MoJOCTH JPYTHX HACAIOK.

Kpome Toro, Bce Hacagku mocie 70-MHHYTHOTO
(YHKIIMOHUPOBAHUS JJOCTUTAIN PA3HBIX KOHEUHBIX
3HAUCHHU TEeMIIEpaTyp, KOTOpble OBbLIM HWKE HYJIS.
B 1abn. 3 npuBeneHbl 3TH 3HAYEHUSI U CPEIHSS KO-
HeyHasl TeMieparypa o0beMma >KUPOBOH TKaHH, CO-
JeprKalleics: B MoNoCTH Kakaol Hacaaku. Criemyer
OTMETHUTh, YTO CHUKEHUE TEMIIEPaTyphbl B LIEHTPAJIb-
Hol obmactu Hacamok «Stright HP», «Tight HP» u
«Double HP» nocne 10-munyTHOrO (h)yHKIHOHUPO-
BaHUs OBIJIO MEHEE BBIPAKCHHBIM, Y€M y HACaJKH
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Despite this assumption, it is known that experi-
mentally several minutes are needed to reach the
temperature of —8°C, which is kept constant during
the whole treatment. This cooling time was already
considered on the previous study carried out with
water and olive oil, and it was shown that simula-
tions were correctly adjusted to the experimental
results [16].

The initial conditions and the boundary condi-
tions of the simulation for the Straight HP handpiece
are shown in Fig. 3, where the geometry of the
simulation is shown in detail.

Results and discussion

All handpieces showed a time-based decreasing
tendency in temperature. Figure 4 shows the evo-
lution of this variable during the 70 minutes of the
treatment. The central zone of all handpieces sho-
wed a similar tendency, except in the case of
Tiny HP. This particularity is explained by the fact
that the cavity volume of the Tiny HP handpiece
represents only 7% of the mean volume of the other
handpieces.

Furthermore, all handpieces reached different
final temperatures, although these were all below
zero. Table 3 shows all the final temperatures reac-
hed after 70 minutes of treatment, and the average
final temperature of the fat volume contained in
each cavity. It can further be observed that the
decrease in temperature during the first 10 minutes
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B Tiny HP (V = 33 cm?®) Tight HP (V = 309 cm3)
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Puc. 4. TennoBoe MogenMpoBaHue TKkaHel, HaXoAALLMXCA BHYTPU Hacagku: A — aHanuanpyemsble 30HbI, B — Temneparypa
TKaHu: 1 — cpegHsas; 2 — B LeHTpe; 3 — B 06nactu Mexay ApYyrMMu 30HaMu; 4 — B LIEHTpe antoMMHUEBON MNacTuHbl. V —
00beM NonocTu BHyTpW Hacagku. MNyHKTUpHAsa NUHUSA — rpaHMLa KpUcTanmsaumm.

Fig. 4. Thermal simulation of tissues lodged inside the handpieces: A — analyzed zones, B — temperature of tissue.

1 — average temperature; 2 — in the central zone; 3 — in the intermediate zone; 4 — in the center of the aluminum plate.
V — volume of the cavity inside the handpiece. Dashed line — crystalization limit.
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Tabnuua 3. CymmapHble pesynbsraThbl
Table 3. Summary of results

T ,°C MuHuManbHoe BpeMAa gocTkeHua T Hona )Kmpa (%), oxnamneHHoro Hike
T. ,°C Minimum time to reach T, ecpenm Fat % b 5 L}epes 7OTMMH7O
Hacanxa Final o+ °C g at % below reference T at 70 min
Handpiece Average *

P1 P2 P3 10,38°C 6°C 2°C 10,38°C 6°C 2°C
Straight HP -0,41 -3,17 -7,00 6,37 49 70 - 69,06 55,70 39,32
Tight HP -4,35 -5,07 -7,36 0,11 27 37 54 85,98 78,33 69,76
Double HP -3,02 -4,85 -6,85 1,79 29 42 67 81,93 73 62,11
Tiny HP -5,23 - - -3,77 7 9 13 100 99,95 88,31

Mpumevanus: 3oHbl Hacagok: P1 — ueHTpanbHas; P2 — npomexyTouHas; P3 — bnvkanwwas kK nnactuHe. T — TemnepaTtypa;
% — NPOLIEHTHOE 3Ha4eHue.

Notes: Zone of handpieces: P1 — central zone of the cavity; P2 — intermediate zone; P3 — closest zone to the plate.
T — temperature; % — percentage.

MpogomkmnTensHOCTL 06paboTkM
Treatment time

1 2 3

°C

Puc. 5. lameHeHve n pacnpegeneHue Tenna B Hacagkax nocne 35 (1), 50 (2) n 70 (3) MUHYT NpYMeHeHUs.

Fig. 5. Thermal images of tissues and handpieces. Heat variation, distribution and homogeneity of each handpiece after
35 (1), 50 (2) and 70 (3) minutes of treatment.
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«Tiny HP»: nabnromanocs HeOGonblLIOE IUIATO Ha
TEMIIEPaTypPHOH KpPHUBOH, IOCIIE KOTOPOTO TeMIIe-
parypa MOCTOSHHO CHMXajach. Takas e 3aBu-
CUMOCTb YCTaHOBJICHa M JUId 3HAYCHUM Temmepa-
TYpBI B LIeHTpaimbHOU oOmactu Hacamku «Tiny HP»,
OZIHAKO MEPUOA, B TECUCHHE KOTOPOTO TeMIepaTrypa
YCTOWYMBO HE CHMXKaJach, ObIJI KOpOuYe IO CpaBHe-
HUIO C OPYyTUMM HacaJlkaMH, 4TO CBS3aHO C MEHb-
LIIMM 00BEMOM KHUPOBOI TKAaHU BHYTPH HaCaIKH.

[o oxoHYaHWH TIPONEAYPHI B 3HAYUTEIBHOM 00be-
Me JKUPOBOM TKaHW JUIS BCEX HACAIOK JOCTHTAIUCH
TeMIleparypsl HUke Hyis. Ha puc. 5 mpencrasnena
KapTa TemIeparyp A KaXIoW HacaJlKd, MOJTy4eH-
Has IMyTeM YHCIEHHOTO MojenupoBanus. JlaHHas
KapTa MpeJcTaBisieT co00i (pOHTANIbHBIN pa3pe3 u
MpUBE/ICHA B 3aBUCUMOCTH OT BPEMEHH.

B pabote mpencrasien aHanu3 g0 (B MPOLEH-
Tax) XUPOBOW TKAaHHW, OXJIAXKICHHOW HMXKE ompese-
JICHHBIX TEMIIepaTyp B 3aBHCUMOCTH OT BPEMEHH
(puc. 6). Panee ObLIO YCTAaHOBIEHO, YTO MPH TEMIIC-
parype 10,38°C HaunmHaeTcs MpoLEece KpUCTAIU3a-

A

MpoueHTHOE copepkaHue xupa
Subcutaneous fat percentage

Bpemsa, MyHyTHbI
Time, min

MpoLeHTHOEe coaepkaHne Xupa
Subcutaneous fat percentage

Bpewms, MUHYTbI
Time, min

of treatment in the central zone of the Straight HP,
Tight HP and Double HP handpieces was less pro-
nounced than with Tiny HP, leaving a small seg-
ment where the curve reaches a plateau from which
temperature steadily decreased. The temperature of
the central zone of the Tiny HP handpiece also sho-
wed this behaviour, but the time during which
there was not a steady decrease in temperature was
shorter than with the other handpieces. This was
due to the less volume of fat lodged inside.

At the end of the treatment, all handpieces reac-
hed sub-zero temperatures with significant fat vo-
lumes. Figure 5 shows the map of temperature for
each handpiece obtained through numerical simu-
lations and assessed based on time in a frontal slice
of the geometry.

Fat percentage below certain time-based tempe-
ratures was analysed (Fig. 6). Some publications
have established 10.38°C as the starting point for
adipocyte crystallization processes [5]. The adi-
pocytes contain triglycerides that crystallize under

MpoueHTHOE copepkaHune xupa
Subcutaneous fat percentage

Bpemsi, MUHYTBI
Time, min

MpoueHTHOe coaepXkaHune xupa
Subcutaneous fat percentage

Bpems, MUHYTbI
Time, min

Puc. 6. MpoueHTHOEe cofepxaHune X1poBoI TkaHu nocre 70-MUHYyTHOro NnpuMmeHeHns Hacagok: A — Tiny HP (V = 33 cm?®),
B — Tight HP (V = 309 cm?®); C — Straight HP (V =430 cm?®); D — Double HP (V = 686 cm?). TemnepaTtypa NoAKoXHOro Xupa

10,38 °C (1), 6 °C (2) u 2 °C (3).

Fig. 6. Fat percentage below 10.38; 6 and 2°C for each handpiece during the 70 minutes of treatment: A — Tiny HP
(V =33 cm?®), B —Tight HP (V = 309 cm?); C — Straight HP (V = 430 cm®); D — Double HP (V = 686 cm?®). Temnepatypa noa-

koxkHoro xupa 10,38 °C (1), 6 °C (2) n 2 °C (3).
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LMY QJUIOLUTOB [5], MO3TOMY 3TO 3HaYE€HHUE TeMIIe-
parypsl u ObUIO BBIOPAHO B Ka4€CTBE MEPBON TOUKH
OLICHUBAHUS. AIUMOLUTHI COAECPKAT TPUIIIULIEPH-
JIbI, KOTOpBIE KPUCTAIUTM3YIOTCS TIPU TeMIepaTrype
oxono 10°C. Iocne kpucTammu3anuu ObIIO CIEIaHO
MIPEINONIOKEHNE O BO3HUKHOBEHHWH AarlomNTo3a afH-
nouuToB [9]. KpoMme Toro, onieHuBaiIu TeMieparypbl
6 n 2°C, TMOCKOJNBKY TPH HUX JKCIIEPUMEHTAILHO
TTOATBEPKACHBI (ha30BBIC TIEPEXOABI. JTH K€ TEM-
Meparypsl pacCMaTPUBAINCh W JAPYTHMH aBTOPaMU
KaK TIOTEHIMAJbHBbIE TEMIepaTypbl KpUCTaJIH3a-
uuu tpuriuiepuaos [12]. s cpaBHenus 3dhdek-
TUBHOCTH DPA3MYHBIX HACATOK JOJS KUPOBOW TKa-
HU, OXJIQXJCHHOW HHWXKE YKa3aHHOU TeMIlepary-
pBL, TpeacTaBieHa Ha puc. 6. Cleayer OTMETHTb,
4yTO OOJIBIIAs JIOJISl )KUPOBOM TKAaHU, OXJIAXKJECHHON
HIDKE ONPEICICHHONW TeMIepaTyphl, Mpearnoiara-
eT Ooyiee BBICOKYIO TEParneBTUYECKYIO 3P (PEKTHB-
HOCTb.

[Ipu cHwxkeHUun pedepeHTHON TeMIeparypbl
YMEHBIIIAeTCS U JI0JIS )KHPOBOH TKaHH, KOTOpasi TOC-
TUTAeT TeMIIepaTyphl, HWXKe dTaNoHHOW. Takas TeH-
JIeHIHs Oblla OJMHAKOBA JJISi BCEX OIICHMBAEMBIX
Hacanok (puc. 6). Mcronms3ys Hacaaky «Double HPy,
YAAIIOCHh AOCTUYb acriupannuu 60% MOIKOKHON KUPO-
BOH TkaHW Tpu Temmeparype Hmxke 2°C. Jlns Bcex
HacaJ0K OBIJIO MMOKAa3aHo, YTO 110 MEHbBIIEH Mepe A
50% >XHMpOBOW TKaHW 3HAYCHHS TEMIIEPaTypbl ObLIN
HIDKE Ha4YaJIbHOW TeMIIepaTypbl KpHUCTaJUIN3aLUU
(10,38°C) yxe mocie 35-MUHYTHOTO (DYHKIIMOHHU-
poBaHus Hacagku. [lo cpaBHEHHIO ¢ APYrMMH Ha-
caakamu, «Tiny HP» oOecneumnBana oxiaxaeHue
OoJsiblIel JONM acUPUPOBAHHOW JKUPOBOH TKaHH
1o Oosiee HU3KOM TeMIIepaTyphsl M 3a MEHbIEe Bpe-
Msl, TOCKOJIBKY OOBEM €€ MOJOCTH OBl MEHbIIE
(puc. 6). Ilocne 5-MHHYTHOTO WCIHOJNB30BaHUS 3TON
HacaJKu TPOICHTHAs [OJS KUPOBOW TKaHHU, OX-
TaKJICHHOW HW)Ke KOHTPOJBHBIX 3HAueHUH, pe3-
KO YBEJIMYMBAIACh, OCOOEHHO Mexmy 5-20 mu-
HyTaMH, U B WTOTe CTaOWIM3HWpOBajack. B ciydae
ncnonb3oBanus  Hacamku «Tight HP» wm3Menenune
JIOJIM SKUPOBOM TKaHM, OXJIAXKIEHHOM HHUMXKE KOHT-
POTBHBIX TEMIEepaTyp, MOXKET OBITh pa3fesieH0 Ha
CIIe/IyIoIue 00JIacTh: TepBasi — JA0JIsl TKaHH, OXJIaxk-
JIEHHOM 110 KOHTPOJBHBIX TOYEK, OTCyTcTBOBaNa (0—
20 MuH); BTOpast — OIS KUPOBOM TKAHU MOCTOSH-
HO YyBEJINYMBAJIACh; TPEThsl — M3MEHEHHE HaKJIOHA
TEMIIEpaTypPHON KPUBOM M YCTOHYMBOE YyBEIHYE-
HUE JIOJM XMPOBOM TKaHW, KOTOpas ObLia ropasio
MeEHbIIIe 00IIero o0beMa, 4eM BO BTOPOM 00IacTu
(puc. 6). B cnyuae mpumenenust Hacanku «Straight
HP» naOmomanock Taxke W3MEHEHHE HaKJIOHa BCEX
kpuBbiX. llpm wucnonp3zoBanum Hacanku «Double
HP» u3smeHeHue noau >KMPOBOM TKaHM, OXJIaXKIICH-
HOM N0 Temreparyp, HW)KE KOHTPOJBHBIX 3Hade-
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temperature around 10°C. After crystallization, it
has been proposed that apoptosis of the adipocy-
tes occurs [9]. Other temperatures as 6°C and 2°C
were also chosen because there is experimental
evidence of phase transitions at these tempera-
tures and have been proposed by other authors
as potential temperatures of crystallization of the
triglycerides [12]. Fat percentage found below the-
se reference temperatures were used in Figure 6 to
compare efficacy between the different handpieces,
since a larger fat percentage below certain tempera-
ture suggests a higher therapeutic efficacy.

As the reference temperature decreased, so did
the percentage of fat below that temperature. This
behaviour was the same with all handpieces under
evaluation (Fig. 6). The Double HP handpiece
managed to get 60% of lodged subcutaneous fat
below 2°C. Likewise, with all handpieces, at least
50% of fat showed a temperature below the crys-
tallization starting temperature (10.38°C) in half
the total time of treatment (35 minutes). Compared
with the other handpieces, Tiny HP reached a
larger fat percentage, at a lower temperature and
in less time (Fig. 6), due to the smaller volume of
its cavity. With this handpiece, fat percentage
below the assessed temperatures suddenly increased
after 5 minutes of treatment, growing very fast
between 5-20 minutes and finally stabilizing. In
the case of the Tight HP handpiece, the evolution
of fat percentage below the reference temperatu-
res can be divided into three regions for analysis:
the first region ranged from 0-20 minutes and
showed no fat at the evaluated temperatures; in the
second region, fat percentage steadily increased,
and in the third, there was a change in slope and a
steady growth of fat percentage but with a much
smaller ratio than in region 2 (Fig. 6). In the case
of the Straight HP handpiece, there was also a
change in slope in all curves, although with more si-
milar slopes. Finally, evolution of fat percentage
below the reference temperatures in the Double HP
handpiece can also be described in three regions:
the first region showed no fat below the evaluated
temperature; in the second region, fat percentage
grew, and the curve slope increased fast, and in
the third, fat percentage stabilized, and the slope
decreased (Fig. 6).

For a total treatment time of 70 minutes, ave-
rage temperatures for the simulations of all hand-
pieces were found to be equal to, or less than the
crystallization starting temperature of adipocytes.
Some handpieces, like Tiny HP, reached this tem-
perature in less time than the rest, between 4 and up
to 7 times less than handpieces with a larger capa-
city. On the other hand, with the Double HP hand-
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HUH, TaKke MOXKHO ONHKCATh B TPEX 00JacTsX: B mep-
BOM — TakoBasi NIOJI1 TKAHU TAaK)KE HE YCTAHOBJICHA;
BO BTOPOH — J0JIsI >KUPOBOM TKAHU U HAKJIOH KPUBOH
YBEIIMYUBAIIUCH; B TPEThEH — JIOJIS KUPOBOW TKaHU
CTaOMIM3UpPOBANIach, HAKJIOH KPHUBOM yMEHBIIAJCS
(puc. 6).

ITocne 70-MuHyTHOW mpoueaypsl CpEAHHE TEM-
meparypsl MPU MOJIECIUPOBAHUY IS BCEX HACAIIOK
OBUTH OJMHAKOBBHIMH WIJIA HIDKE HAYabHOW TeM-
neparypsl  KpUCTAJUTM3AIMKA  aAUIONUTOB. Hekorto-
peie Hacaaku, B yactHocTH «Tiny HP», moctura-
JIU ATOM Temreparypsl 3a MeHblee Bpems (0T 4 10
7 pa3), yeM HacaaKu ¢ OOIbIIeH BMECTUMOCTHIO
nojocty. [Ipu 3ToM ¢ momomkio Hacanku «Double
HP», nmetonieli 60mbIyro BMECTUMOCTB, Oosiee 80%
JKUPOBOM TKAaHM JOCTUraja0 HayalbHOW TeMmIlepa-
TYPbI KPUCTAITU3ALMY B KOHIE IPOLEAYPHL.

B pabore Obuta mpoBeneHa oOUEHKAa 3PQEKTUB-
HOCTHU HCIIONIb30BaHUS Ka)KIOro TUma Hacaaku. Ha-
Py ¢ IPYTHMMH TIEPEMEHHBIMH aHAIIM3UPOBAIN UX
OXJIAXK/TAOIIYI0 CIIOCOOHOCTh, TEOMETPHUIO U TETIJIO-
ByI0O TOMOTEHHOCTb. JTa wuH(popMarus Obuia Io-
JydeHa BIIEPBBIE W TOATBEPKICHA KIMHUYECKIMH
TaHHBIME [3]. YCTaHOBIIEHO, YTO BCE MCIIONH3yEeMbIE
Hacamku S(PGEKTUBHBI I OXJIAXKICHHS KUPOBOH
TKaHW B TEUYCHHE CTAHMAPTHOW 70-MHHYTHOH TIpO-
nexypsl npu temmeparype —8°C. Ilpu ucmoms3oBa-
HUU HACaJlOK ¢ HanOOJbIIell BMECTUMOCTBIO MOJIOC-
TH OJHOPOIHOCTb B PACIIPENENICHUN TEeMIIepaTyphl
obuta Hke. Hacanka «Tiny HPy nmoka3zana Hau0boiib-
LIYIO OXJIaKAAIOLIY IO CIIOCOOHOCTD, TPY 3TOM OXJIaK-
JICHWEe TKaHW NPOUCXOAUT OJHOPOJHO U B Oonee
KOPOTKMH CpPOK IO CpPaBHEHHIO C JPYTUMHU Hacaj-
kamu. OHa obecnieunBaja BcacblBaHue OOJBbIICH J0-
JU KUPOBOH TKaHU, KOTOpask MOXET OBITh OXJIAXK-
neHa 1o temneparyp kpuctammzauuu (100%), garo
OOBSICHIETCS MEHBIIEH BMECTUMOCTHIO €€ TO0J0C-
. HampoTuB, Hacaaka «Straight HP» maer menee
OJTHOPOJHOE pacIpe/ie]ieHne TeMIIepaTyphl, CaMmoe
MeJIeHHOE JOCTYDKEHHE IIEJIEBBIX TEMIIeparyp U BMe-
[IaeT MEHBIIYIO0 JONI0 KUPOBOM TkaHU (69,06%),
KOTOpasi OXJaXIaeTcss 10 TeMIeparyp KpucTai-
nu3anuu. TeM He MeHee, oOIIasg KOHCTPYKIUS H
KoH(pUTryparus monocTd Hacajuku «Straight HP»
SIBIIIOTCS HamOoJsiee MOAXOMSIIIUMHU IS KPHOAIH-
MOJIM3a HEKOTOPHIX objacTed Tena M PaziIMYHBIX
dopm xupoBbix ckianok. Hacamka «Double HP»
¢ HauOOoMNbIIEH BMECTHMOCTBIO TIOJIOCTH TO3BOJISIET
B KOHIIe mpouenypsl nocturarb 81,93% xupoBoit
TKaHU, OXJIXKJICHHOW HIKE TeMIIePaTypbl KPUCTa-
JAU3alyd. DTO CBSI3aHO C €€ IJIMHHOW U y3KOM KOH-
CTpYKITHEH, oOecriednBaronieil OONBIIYIO TUIONIAh
KOHTaKTa C KOK€H W, CJIEIOBATENBHO, JIYYIee OX-
JaKJIeHne o0beMa HaXOJIIICHCsS BHYTPU JKUPOBOH
TKaHH.

354

piece containing the larger volume capacity, over
80% of fat would reach the crystallization starting
temperature at the end of the treatment.

In recent years, cryoadipolysis has been found
to be an efficient technique for body contouring
and reduction of localized body fat. Thanks to its
non-invasive nature and effectiveness, it is a good
alternative to other invasive methods that represent
a greater risk for patients. Cryoadipolysis platforms
have evolved and developed better solutions for
patients. The use of handpieces with different sha-
pes and cavities able to better fit different parts of
the human body is a good example of this.

In this paper, we have used a mathematical mo-
del that had already been mentioned in a previous
study, where the importance of modelling all factors
that influence a real cryoadipolysis treatment was
revealed [16]. The high level of truthfulness of the
suggested model is supported by data and good
clinical results from hundreds of thousands of treat-
ments carried out all over the world [3]. In turn, the
effectiveness of the original model supports the re-
sults obtained in this simulation, since these are
consistent with reports of good clinical results ob-
tained with the Cooltech® technology [4].

The efficacy of each handpiece has been asses-
sed, specifically analysing their cooling capacity,
geometry or heat homogeneity, among other va-
riables. This information has no precedents and
adds great value to the clinical experience already
obtained. All simulated handpieces were found to
be effective for cooling fat during a standard 70-mi-
nute treatment at —8°C. Figure 6 shows fat percenta-
ges below crystallization temperatures obtained
through numerical simulations for each handpiece,
and Table 3 summarizes all findings. Handpieces
with most volume capacity show less homogeneity
in temperature distribution. The handpiece with
most cooling capacity was Tiny HP, which cools
tissues in a more homogeneous way and can lower
the temperature of tissues faster than the others.

This handpiece can also lodge a larger percen-
tage of fat subjected to temperatures that can reach
crystallization (100%). This is because Tiny HP
is the handpiece that lodges less volume of fat. In
contrast, the Straight HP handpiece has a less ho-
mogeneous temperature distribution, besides being
the slowest to reach target temperatures and lod-
ging a smaller percentage of fat (69.06%) at crys-
tallization temperatures. However, thanks to its
general design and that of its cavity, Straight HP
is the handpiece that better fits several areas of
the body and various shapes of fat folds. It should
also be noted that the handpiece that lodges the
larger volume of fat, Double HP, reaches 81.93%
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BriBOABI

[IpencraBnensl TpexmepHas Ouojoruyeckas Mo-
JeNb OXJKICHUS KOKU/’KMPOBOW TKaHH 10 TEM-
neparypsl —8°C ¢ NMOMOIIBIO Pa3IUYHBIX HacaloK
Ul KPHOAIUIONK3a, a TAaKKe YHUCIEHHOE pelle-
HUE ypaBHEHHUS TEIUIONEPEAauyn C HCIOJIb30BaHUEM
nporpamMmmHoro obecnedenuss «Comsol Multiphy-
sics®. Pe3ynbTarsl MOKas3kIBAIOT, YTO Hambojee pe-
JICBAHTHBIMH TIEPEMEHHBIMH U OIEHKH S dek-
TUBHOCTH HCIIOJIb30BAaHUSI TAKOro poja HacaJloK
SIBIISIFOTCSL  OXJIQXKJIAIOIIAST CIIOCOOHOCTh, TEOMET-
pUs U TOMOTEHHOCTh TeMIepaTypbl B TKaHU. Yc-
TAQHOBJIEHO, YTO YMCJIEHHOE MOJEIMpPOBaHHE U, B
YaCTHOCTH, MpPUMEHseMas MOJENb SBISIOTCS I0Je3-
HBIM HMHCTPYMEHTOM [JISi ONTHMHU3ALMH BPEMEHH
WCTIOJIb30BaHUS, YIIyUIICHHUs AW3aiiHa W TepareBTU-
yecko 3(QeKTUBHOCTH Kax1oW Hacaiku. B Hac-
TOSIILIEM HCCIIEI0BAaHUM PACCMATPUBAINCH TaKHe
napameTpsl, kak (opma HOJIOCTH, 001aCTh KOHTaK-
Ta HacaJKu C KOXeH, 00beM, MpUCyLIe KOHCTPYK-
LUM HAcaJl0K, UCIIOJIb3YyEMBbIX IIPHU MOJEIHPOBAHHU.

Jns HOoATBepXkIEHWS BO3MOXKHOCTH IPUMEHe-
HUs ONHMCAaHHBIX MOJENeH HEOOXOAMMO IIPOBEACHHUE
CHEMATBHBIX KIMHHYECKUX HCIBITAaHUH, KOTOpBIE
[TO3BOJISIT TPOBEPUTH HAJEKHOCTH MOJEIHPOBAHUS
IyTeM CpaBHEHHS MOAEITUPYEMBIX MPOIIECCOB C pe-
AIBbHBIMH KJIIMHUYECKUMH Pe3ylbTaTaMy, TOIy4eH-
HBIMU IIOCJIEe Kpuoajaunonusa. J[lanpHeiliee yco-
BEPIICHCTBOBAaHME MoJenu OydeT HampaBieHO Ha
OlpeNielIeHHe B3aUMOCBSI3U MEXAY HIIeMHEH, BO3-
HUKamoIell BO BpeMsl aclupauud TKaHH U Hep-
(y3ueit KpoBH.

Asmopul 3as61510m 06 OMCYyMemeu KOHPAUKMA uH-
mepecos uiu Kakux-iubo opyeux QuHamcoswvix 0os3a-
menbema.
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of fat below crystallization temperature at the end
of treatment. This is due to its long and narrow
design, which provides an elevated contact area
with the skin, and therefore better cooling of the fat
volume lodged inside.

Conclusion

A 3D biological model of skin/fat tissues cooled
to —8°C with different cryoadipolysis handpieces
and the numerical resolution of the heat transfer
equation using Comsol Multiphysics® software is
presented. The results show that most relevant va-
riables to assess the efficacy of this kind of hand-
pieces are the cooling capacity, geometry and heat
homogeneity. Numerical simulations, and particu-
larly the model applied, are found to be a very
useful tool to optimize treatment time and improve
the designs and therapeutic efficacy of each hand-
piece. In this study, the shape of the cavity, the
area where the handpiece touches the skin and its
volume, among others, are considered, since they
are inherent to the design used in the simulation.

A complete validation of these simulations will
require specifically designed clinical trials that
enable to check the reliability of the simulations
by comparing simulated clinical surveys with real
clinical results obtained after a cryoadipolysis treat-
ment. A future improvement of the model would
be determining the relation of the ischemia, produ-
ced in the suctioned tissue within the handpiece,
with the blood perfusion.

Authors have no conflicts of interest or financial ties
to disclose.
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